Background The benefits of haptic feedback in laparoscopic surgery training simulators is a topic of debate in the literature. It is hypothesized that novice surgeons may not benefit from the haptic information, especially during the initial phase of learning a new task. Therefore, provision of haptic feedback to novice trainees in the early stage of training may be distracting and detrimental to learning. A controlled experiment was conducted to examine the effect of haptic feedback on the learning curve of a complex laparoscopic suturing and knot-tying task. Methods The ProMIS and the MIST-VR surgical simulators were used to represent conditions with and without haptic feedback, respectively. A total of 20 novice subjects (10 per simulator) were trained to perform suturing and knot-tying and practiced the tasks in 18 sessions of 1 h each. Results At the end of the 3-week training period, the subjects performed equally fast but more consistently with haptics (ProMIS) than without haptics (MIST-VR). The subjects showed a slightly higher learning rate and reached the first plateau of the learning curve earlier with haptic feedback. Conclusion In general, learning with haptic feedback was significantly better than learning without it for a laparoscopic suturing and knot-tying task, but only during the first 5 h of training. Haptic feedback may not be warranted in laparoscopic surgical trainers. The benefits of a shorter time to the first performance plateau and more consistent initial performance should be balanced with the cost of implementing haptic feedback in surgical simulators.
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Keywords Haptic feedback Á Laparoscopic surgery Á Learning curve Á Skill acquisition Laparoscopic surgery has very important advantages over open surgery in that it minimizes tissue trauma, shortens patient recovery time, reduces the length of the hospital stay, and hence decreases health care costs. It is a preferred alternative to open surgery in many procedures. However, it presents considerable challenges for surgeons such as a limited view of the surgical field, loss of depth perception due to a two-dimensional visual display, a fulcrum effect in tool manipulation, and distorted haptic feedback due to mediation by long tools and the masking rubber seal in trocars [1, 2] . A great amount of training is required for adaptation to these limitations in laparoscopic surgery.
Recently, a transformation in the approach to surgical training has taken place, with technological innovation such as surgical simulators and virtual reality (VR) simulation playing an increasingly important role [3, 4] for both practical and ethical reasons. However, the fidelity of simulation remains a technical challenge for the engineering community, and the use of simulators as training tools raises an empirical question for surgical educators. Although low-fidelity simulators have been shown to provide significant skill transfer to the operating room [3, 5] , it generally is considered that realistic simulations with multisensory feedback that includes haptic feedback could provide a better learning experience and thus better outcomes [6] .
The role of haptic feedback is of special interest in surgery because it is critical in discrimination of healthy versus abnormal tissues, identification of organs, and motor control. Haptic perception is greatly impaired in laparoscopic surgery because exploration is done through a rigid probe [7] [8] [9] [10] [11] [12] [13] . Expert surgeons agree that haptic feedback is a necessity in surgery and that training with the box trainer is preferable over training with VR simulator systems for laparoscopic suturing because VR simulators lack realism and haptic feedback [14] . Force feedback can improve robot-assisted knot-tying with fine suture [15] , reduce the overall forces applied and the number of accidental incursions into sensitive structures, shorten task completion time, and make suturing straighter [16] . However, force feedback has not improved the rate and precision of dissection [17] .
Several studies have investigated the impact of haptic feedback on surgical training, with mixed results. One study showed that early exposure to haptic feedback enhanced performance in a diathermy task [18] . Other studies have shown that the learning curve based on the speed of task completion reached a plateau after three trials, whereas performance accuracy did not stabilize after 10 trials using a box trainer [19] . For an intracorporeal knot-tying task, significant improvement in performance was observed after one trial, with further significant improvement at the end of 10 trials [20] . Two other learning curve studies in which the trainees used a VR trainer, the MIST-VR (Mentice, Gothenburg, Sweden), showed that performance was significantly improved after a 5-day training period [21] and that performance variables reached a plateau by trial 5 [22] . However, for a knot-tying task, the MIST-VR and the box trainer did not differ significantly in performance time for any trial [23] .
A review of aviation training literature [24] suggests that irrelevant stimuli in a high-fidelity simulator can make task learning more difficult because the novice trainee must learn to ignore these stimuli. Considering that the current surgical training simulators are low in fidelity with respect to their visual and task representation (i.e., using peas or graphic spheres to represent tissue), the addition of haptic feedback may be distracting for the novice trainee [25] . Because novices in surgery are the major target group for training in simulators [26] and because simulators seem to be most useful during the early part of the learning curve [27] , we need to know the benefits of haptic feedback in the early stage of training.
We hypothesized that subjects who trained with haptic feedback would perform better throughout the learning phase than those trained without haptic feedback and that trainees who trained with haptic feedback would reach the first plateau in the learning curve earlier and have a higher learning rate than those trained without haptic feedback.
Methods

Participants
The study participants were 20 graduates and undergraduates (6 women and 14 men) without any prior laparoscopic experience. Of these 20 participants, 19 were right-handed, and 1 was ambidextrous. The subjects were 21 to 34 years of age.
Apparatus
Two surgical simulators, the MIST-VR and the ProMIS (CAE Healthcare, Montreal, QC, Canada), were used in this experiment (Fig. 1) . The MIST-VR is a VR simulator that does not provide haptic feedback, whereas the ProMIS is a physical simulator that provides haptic feedback similar to that experienced in surgery. The MIST-VR consists of a computer, monitor, and a laparoscopic tool base. The ProMIS consists of a computer, monitor, laparoscopic tools, and a life-size model of the upper torso with a light source and three built-in cameras.
Procedure
The same laparoscopic suturing and knot-tying task was performed on the MIST-VR and the ProMIS. The task involved making two single-loop, half-square knots forming a complete square knot using two needledrivers. In the nohaptics condition, the subjects sutured a virtual organ on the MIST-VR system, whereas in the haptics condition, the subjects sutured a Penrose drain fastened with Velcro to a block on the ProMIS system. Both the virtual organ and the Penrose drain had premarked entry and exit points for the suture.
Before starting the study, all the subjects received a 1-h orientation, which included a brief introduction to laparoscopic surgery and a demonstration of both open and laparoscopic suturing by an expert surgeon. After the orientation, the subjects practiced the task 1 h a day, 6 days a week during 3 consecutive weeks for a total of 18 training sessions. During the hour-long training sessions, the subjects attempted as many knots as possible. Further instruction was given to the subjects if they appeared to be struggling with the task. Moreover, knowledge of performance results were shown to the subjects at the end of each trial. On the ProMIS simulator, these results included time to task completion, instrument path, and instrument smoothness. On the MIST-VR, the results shown included time to task completion, errors, and overall score.
Experimental design and data collected
The subjects were randomly assigned to one of two conditions: haptics or no haptics. There were 10 subjects for each condition. Those in the haptics condition performed the task using the ProMIS simulator, whereas those in the no-haptics condition used the MIST-VR simulator. The performance measure was the time required to complete one square knot successfully. Unsuccessful knots were not counted. A successful suture is a complete square knot (two half-square knots that alternate in direction) on the designated entry and exit points.
Data analysis
Individual learning curves were obtained from the time-totask-completion measure for each subject. One-way analysis of variance (ANOVA) was performed within each group to examine the effect of training sessions. In addition, the differences between the first session and all subsequent sessions and between the last session and all prior sessions were compared using a post hoc Scheffe test.
The learning rate was calculated according to the following equation [28] :
where Learning rate is 2 N , Y x is the production time for the xth unit in sequence, K is the time required for the first unit, N is the exponent leading to the learning rate (2 N ), X is the number of production units.
One-way ANOVA was performed to compare the learning rates in the two groups. Paired t-tests were performed to compare the time to task completion, the variance of task completion time per session, and the best performance time of the session for the two groups. The time to task completion for each suture and the betweensubjects variance in the training also were analyzed using the paired t-test.
Results
Learning curve
Individual learning curves were plotted using each subject's average time to task completion per session from session 1 to session 18 (Fig. 2) . Averaged suturing and The performance in session 1 differed significantly from the performance in all subsequent sessions in each group (p \ 0.001), suggesting that learning was occurring in the first session. The performance differences between a given session and the last session also are shown in Table 1 .
Performance differed significantly between sessions 1 to 5 and the last session (session 18) in the no-haptics group, whereas significant differences in performance were found only between sessions 1 to 4 and the last session in the haptics group. That is, the no-haptics group reached a performance plateau by the sixth session, whereas the haptics group reached the plateau earlier, by the fifth session.
When the learning rate between the haptics and no-haptics groups were compared, the results from the oneway ANOVA showed no significant differences overall (F[1, 18] = 4.02; p \ 0.061). The slightly higher learning rate in the haptics group (70% vs 64% in the no-haptics group) indicates that these subjects experienced a flatter learning curve and that fewer trials were needed to reach the plateau. Figure 3 shows the percentage of time (normalized with session 1 as 100%) in each session for the haptics and no-haptics groups. (Fig. 4 , only the first 182 knots are shown in the graph). The best trial in each session for the subjects in the haptics condition was significantly faster than that in the no-haptics condition (t[179] = -2.8; p \ 0.006) (Fig. 5) .
Performance variance
The variance of task completion time per session in the nohaptics condition was significantly higher than in the haptics condition (F[1. 341] = -8.31; p \ 0.004) (Fig. 6) . However, between subjects, the variance for each knot completed by at least two subjects during training in the no-haptics condition was not significantly different from that in the haptics condition (F[1, 611] = 0.56; p \ 0.457) (Fig. 7) .
Discussion
The results of this study confirmed the hypotheses that haptic feedback can improve performance time during p Value S1 vs. S18 S2 vs. S18 S3 vs. S18 S4 vs. S18 S5 vs. S18 S6 vs. S18
No haptics (n = 10) 553.4 ± 447. laparoscopic suturing and knot-tying training, but only for the first 5 h of training. A standard measure of learning is the variability of performance during training. Decreasing variability with trials indicates that the skill is being learned as performance becomes more consistent. In this experiment, haptic feedback allowed trainees to perform more consistently in the initial stages of learning, with a slightly higher learning rate and a shorter learning curve. However, our learning curve results also suggest that the benefits of haptics in the latter stages of learning are minimal. From Figs. 5 and 6, we observe that subjects took advantage of haptics at the very beginning of training, especially in the first two training sessions. In subsequent sessions, the learning curves of the haptics and no-haptics groups converged. This may have been due to the fact that after initial familiarization with the instrumentation and task demands, in which haptic feedback was beneficial, subjects concentrated on practicing the motor skills of suturing and knot-tying, which require predominantly the coordination of hand gestures and tool movements.
Suturing and knot-tying is a complex surgical task requiring accurate positioning and controlling of instruments, needle, thread, and tissue. Several key movements and gestures are involved in performing a successful suturing and knot-tying task including positioning the needle to bite the tissue, rotating the needledriver to form the loop, and tightening the knot. As observed in this experiment, subjects seemed to rely mainly on visual feedback to position the needle to bite the tissue at the correct spot and to manipulate the two needledrivers to form the loop. Furthermore, the subjects in the haptics group often relied on visual feedback to confirm that the knot was tight enough instead of relying on their haptic feedback alone.
A previous study has suggested that haptic information perceived by the operator can disorient the learner when learning complex surgical tasks in which gestures are more important [1] . Suturing and knot-tying comprise a task that is more about orientation, positioning, movements, and gestures of instruments and suturing materials than about controlling the force application and differentiating tissue compliance. It seems that the performance of suturing and knot-tying was not affected dramatically by provision of haptic feedback. Indeed, when the suturing and knot-tying task was inspected separately in two phases in the haptics condition, sessions 1 to 3 differed significantly from the last session (session 18) in the suturing phase, whereas sessions 1 to 6 differed significantly from the last session in the knot-tying phase. The suturing phase reached a performance plateau by the fourth session, whereas the knottying phase reached the plateau by the seventh session (Fig. 8) . This finding suggests that haptic feedback is more beneficial for suturing than for knot-tying, which requires more motor coordination than force control.
Although the benefits of haptics in the early stages of learning are subtle, those who learned with haptics were more consistent in performance and had a shorter learning curve. Conversely, trainees who trained without haptic feedback experienced a dramatic decrease in performance consistency during the first several training sessions. There also were significant difference (t[179] = 6.4; p \ 0.001) in the number of knots performed in each session by the two groups. Therefore, it might be worth the additional costs to equip laparoscopic surgery trainers with haptic feedback provided that consistent performance is important during initial training or that available time for training is limited (in light of the current constraints on training time and working hours for residents).
With haptic feedback, the training simulator presents more realism, which allows trainees to be more comfortable initially and results in faster performance stability in the learning curve. Because the benefits of haptics depend on the nature of the task, the technical effort and financial investment of implementing haptic feedback functions into surgical simulators may not be justified by such subtle gains in learning. As observed in the current experiment, motor coordination demands are high in a laparoscopic suturing and knot-tying task compared with the tissueprobing tasks of previous studies, in which force application control is more important.
A limitation of this study was that a post-training evaluation of an independent operating platform was not conducted. This would have enabled us to examine the effect of haptic feedback on skill retention and the transfer of skills into the operating room environment.
Conclusion
In general, haptic feedback enhances performance of laparoscopic surgery. It also benefits learning a complex surgical task such as suturing and knot-tying in the initial stage of training. Based on these results, haptic feedback may not be warranted in laparoscopic surgical trainers at all stages of training. The benefits of a shorter time to the first performance plateau and more consistent initial performance should be balanced with the cost of implementing haptic feedback in training simulators.
